In continuation of previous experiments involving the application of the photo graphic method to problems in nuclear physics, we have made observations on the scattering of 4*2 MeV protons by gas targets of deuterium, helium and six other light elements. The essential features of the method have been described in two previous papers ( It will be seen from the description of the experimental method given in I that the particles entering a given small area of the plate have all been scattered from the primary beam through angles differing by less than 2° from a certain mean value, the angle of scattering, 6. This angle is determined by the position of the area under consideration relative to the scattering gap, and with the later forms of the apparatus, such as is described in I, observations can be made at points in the plate corre sponding to any value of 6 from 10 to 170°. The plates in series P were obtained, however, with an earlier form of the apparatus in which the particles scattered through angles greater than 100° were not recorded and the present observations are therefore confined to the restricted interval in the value of Q from 15 to 100°. The distribution in range of the particles at any angle of scattering is determined by measuring the length of the tracks which, they produce in the emulsion and the intensity of the scattered beam is given by counts of the number of tracks per unit area, both observations being carried out at the appropriate region in the plate.
The particles entering the plate in any given element of its surface are all pro duced by collisions with the nuclei of gas atoms in a small volume traversed by the primary beam. We refer to the 'centre of m ass' of the points of origin of these scattered particles as the 'mean point of scattering' for the particular value of 0 which corresponds to the position of the element of area under consideration. It is a feature of the method that the mean energy of the primary protons at the mean point of scattering, E%, varies with 0 when using gaseous 'targets'. This the retardation of the primary particles by the gas filling the camera and to the change with 6 of the mean point of scattering; see I, p. 23. In the present experi ments, however, this energy change is small, in the range of angles at which measure ments can be made, because of the low gas pressures employed in the camera. Thus in the most unfavourable case, that of oxygen, plate P 21, changes by only 20 keV, as 6 increases from 20 to 90°, a value much less than the spread in energy of the primary particles delivered by the cyclotron.
N o t a t io n
It is convenient to summarize the notation employed in this and the following paper in order to avoid unnecessary repetition:
0, < j)
angle of scattering of a primary particle in the laboratory and centre-of-mass systems of co-ordinates respectively. ij angle of projection of a target nucleus in the laboratory system.
1(0), I(ij)
, I(<f>) scattered or projected intensity per unit solid angle in the corre sponding co-ordinate systems.
» , p™ the mean energy and mean range in standard air, respectively, of the primary particles emerging through the mica window from the cyclotron tank.
E l pi the mean energy and range, respectively, of the primary particles at the mean point of scattering of the particles observed at 0. Eg, pi the mean energy and range, respectively, of the particles scattered through the angle 0.
R(0), R(<j>)
the ratio of the observed scattered intensity at or to the value calculated from the Rutherford formula.
M(0), M(<p)
a similar ratio to the above for the particular case of collision between indistinguishable particles-the ratio of the observed intensity to that given by the Mott formula.
In discussing the collision processes frequent reference is made to a system of co-ordinates moving with the centre of mass of the interacting particles or to a system at rest relative to the laboratory.
T h e p r o t o n -d e u t e b o n c o l l is io n
The results obtained in experiments on the scattering of 4*2 MeV protons by deuterium and of 6*7 MeV deuterons by hydrogen may be considered together since the two types of collision are similar in the centre-of-mass system of co-ordinates. In this system the proton and deuteron approach one another with equal and oppo site momentum and each is scattered through the same angle, < f> . I(<j>), the scattered intensity in the centre-of-mass system can thus be determined either by observations on the intensity of the scattered primary particles, 1(0), or of the projected nuclei, The results obtained in measurements on this plate were discussed in I where it was shown that, owing to the presence of impurities in the deuterium gas employed, the scattered beam contained protons elastically scattered from ordinary hydrogen and heavier nuclei in addition to those from deuterium. This is illustrated in figure 1 which shows the results of measurements of the distribution in range of the scattered particles at 6 = 45°, the arrows indicating the scattering nuclei responsible for the various peaks. At angles of scattering between 40 and 00° the protons scattered by deuterium can be clearly distinguished from other groups and their intensity determined. Beyond 90° the energy of these particles is so low that the tracks which they produce on entering the emulsion contain only a few grains and the counts on which the intensity measurements are based become unreliable, whilst at angles less than 40° they cannot be distinguished from the protons scattered by nitrogen and oxygen. The intensity measurements are therefore confined to a restricted range in the value of 6 and the results are shown in figure 2.
The deuterons projected by the impact of the primary protons can be detected a t angles between y -30° and y = 45° of the group arising from p-p scattering for reliable estimates be made. In more favourable conditions, using pure deuterium and primary par ticles of higher energy, such observations would be useful in supplementing the measurements on the scattered protons. The projection of a deuteron corresponds, for small values of y ,to the backward scattering of a primary proton ments of the intensity of such projected particles lead to determinations of a t large values of 0 . I t is difficult to obtain such information from observations on the scattered protons because of their very low energy at large angles of scattering.
(b) Scattering of deuterons by , plate D l The measurements on this plate have also been referred to in I, p. 19. In elastic collisions with hydrogen the deuterons cannot be scattered through angles greater than 30° and the form of the curve representing the angular variation of the scattered intensity shows a sharp edge at this angle which was employed to demonstrate the angular resolving power of the apparatus.
Simple considerations show th at a t any angle of scattering less than 30° there will be two homogeneous groups of elastically scattered deuterons of different energy. Thus let v be the velocity of the incident deuterons. In a collision with a proton the velocity of the centre of mass is and, in this co-ordinate system, the velocities of the deuteron and the proton are vJ3 and 2v/3 respectively. Reference to figure 3 shows th at if the angle of scattering of the two particles in the centre of mass system is < j> , this angle is related to the corresponding angle of scattering of the deuteron in the laboratory co-ordinate system, 6 by the equation 2 sin# = sin There are two values of < f > between 0 and n, and < j> 2, which correspond to any given value of 6 less than 30°, the corresponding velocities of the scattered deuterons being represented in figure 3 by OB and OA respectively. Similarly the projection of a proton at an angle rj corresponds to it being scattered in the centre of mass system, through an angle < f> , where (j) = n -2y.
In addition to the projected protons, we observe in the conditions of our ex posure only the groups of deuterons of longer range, except in the region near 30°. The energy of the slower particles diminishes rapidly as we proceed to smaller angles so th at they are unable to traverse the foil and the gas filling the camera to reach the photographic plate. We therefore measure the intensity of the projected protons and of the faster group of the elastically scattered deuterons and the results are shown in paper I, figure 12.
(c)
Comparison of the p-d and d-p scattering
To compare the results of the two experiments we transform the observations to the centre-of-mass co-ordinate system in each case. As we have seen, in this system the proton and deuteron approach in opposite directions and both are scattered The two sets of values of I(</>) obtained from the two separate experiments, are plotted against 0 in figure 4. I t is to be noticed th a t they are in different arbitrary units, and th a t the energies of the colliding particles in the centre-of-mass system are not the same. Thus the collision of a 4*2 MeV proton with a deuteron is equivalent, in the centre-of-mass co-ordinate system, to the impact of a 8*4 MeV deuteron with a proton, whilst the actual energy of the deuterons employed in the present experi ments is [6] [7] MeV. In the case of the p-d collision, the measurements beyond 6 = 110° are based on counts of protons of very short range and the fall in the curve is to be attributed to the fact th at some of the particles fail to reach the plate. I t may be noticed th at measurements of the absolute cross-sections for the collisions could be obtained, as in the experiments on p-p scattering de employing suitable gaseous compounds or mixtures. In the d-p collision there are other possible processes such as th at represented by the equation + + Q = -2-2 MeV. Any particles produced in this reaction will be emitted within a cone of semi-vertical angle 13-5° about the axis of the deuteron beam and, in the conditions in which our exposures were made, they would not have reached the photographic plate because of their restricted range. Similar conclusions apply to the particles from other possible reactions.
Comparison with other experiments
The curves shown in figure 4 display a pronounced minimum a t angles of scat tering near $ = 100°, and the scattered intensity rises sharply on each side of this minimum in a way which corresponds to a strong component proportional to P1(cos^) in the amplitude of the scattered wave. Similar conclusions were reached by other experimenters using primary protons of much lower energy. Thus Taschek (1942) and Tuve, Heydenburg & Hafstad (1936) , who made experiments with 200 and 800 keV protons respectively, concluded th at the observed angular variation of the intensity of the scattered particles could not be accounted for in terms of an s component in the scattered wave alone, and th at it was necessary to assume appreciable contributions from waves of higher angular momentum.
There appears to be no detailed theoretical treatm ent of the proton-deuteron collision, although Buckingham & Massey (1941) have dealt with the similar problem of the scattering of neutrons by deuterons. To provide sufficient material for testing any formalism describing the interaction of the two particles it would be of great advantage if scattering experiments could be made a t a number of values of the energy of the primary particles in a wide range.
T h e p r o t o n -h e l i o n c o l l is io n
The plate obtained in the exposure with helium as the scattering gas, P 18, was very satisfactory and measurements of the range and intensity of the scattered particles were made a t a large number of angles in the interval from = 15° to 6 = 105°. The energy of the scattered particles was found to vary with 6 in the way to be expected if they are produced by the elastic scattering of the primary protons by helium nuclei. The range of the a-particles projected by proton collision was too low for them to reach the plate in the conditions of our exposure. The results of the intensity measurements are given in figure 5 (a) where they are shown transformed to the centre-of-mass sytem of co-ordinates. The results are also expressed in terms of the quantity R{6), the ratio of the actual scattered intensity to th a t expected from the Rutherford formula. Since these results were obtained, Heydenburg & Ramsey (1941) have published an account of observations on the p -cl collision, working with protons in the energy interval between 1 and 3 MeV. If we plot their values for R(6) a t a particular angle as a function of the proton energy we can extrapolate to obtain the absolute value of at this angle for 4-2 MeV protons. From our present results we can then determine the values of at 4*2 MeV for all other angles. This has been done in figure 6 where Heydenburg and Ramsey's measurements are represented by open circles. I t will be seen th at the value i?(60°) = 51 at 4*2 MeV, lies on the curve through Heydenburg and Ramsey's results and th at the values a t other angles thus determined also lie smoothly on their curves. M. Tsien informs us in private discussion th at he has made a theoretical in vestigation of the p-oc. collision, treating it as a 'mixed-resonance' pro results are in satisfactory agreement with the measurements shown in figure 5 and with his own observations on the scattering of a-particles by protons. Landau & Smorodinsky (1944) point out that, in order to provide sufficient information for a rigid check of any theoretical interpretation of the collision, it is important to make a series of experiments a t closely spaced intervals in the energy of the primary particles.
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E x p e r i m e n t s w it h o x y g e n a n d n it r o g e n
For investigating the scattering of protons by the nuclei N 14 and O16, exposures were made with the camera filled in turn with commercial nitrogen and oxygen from cylinders. In both cases the range distribution of the scattered particles shows a single peak with a mean range at any angle equal to th at expected for elastically A comparison of figures 7, 8 and 9 shows th at there is a general similarity between the form of the curves representing the angular distribution of the scattered in tensity as determined by experiment and the theoretical curves in the same angular range corresponding to a suitable value of £0. I t is shown in the following paper th at the presence of even small contributions from waves of higher angular momentum greatly modifies the form of the curves representing angular distributions. We may therefore conclude from the present results th at the main features of the scattering in these collision processes can be described by the interaction of the Coulomb term with an S -wave only and th at effects due to P, D w
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angle of scattering, ft To make a more precise comparison of the theoretical and experimental results it is convenient, since we cannot determine the absolute values of from our observations, to compare the ratio of R(<j>), corresponding to different values of (j> , to the value of the same quantity at an arbitrarily chosen angle, = 60°. Thus figure 10 shows the variation with (j) of the quantity R{(j))jR (60°) as deduced from the formula of Mott and Massey for various values of £0. The corresponding experi mental curves for the scattering of 4-2 MeV protons by carbon, nitrogen and oxygen, are shown by the full lines in the same figure. It will be seen th at in each case there is a general agreement with the theoretical curves if £0 is given a suitable value. WT e can thus obtain approximate values for £0 in the different cases which are shown in table 2.
In future experiments it will be necessary to measure the absolute values of the cross-sections for the collision processes at a number of values of the energy of the primary protons and to extend the measurements over the whole angular range. Observations at large angles of scattering are particularly important in the deter mination of more precise values of £0 and in estimating the magnitude of contribu tions from higher terms. We have examined the variation in intensity of the main group of inelastically scattered particles over the range from 40 to 90°, and the results are shown in figure 12 . The sharp rise in the intensity a t small angles emphasizes the importance of this angular region, a conclusion strongly reinforced by experiments on (d,p) reactions using fast deuterons. In many scattering and disintegration processes with primary particles of high energy there appears to be a strong probability of the product particles being emitted at small angles to the direction of the primary beam.
Observations of a similar character on inelastic scattering have been made by Wilkins & Kuerti (1940) , Wilkins & Wrenshall (1940) , Wilkins (1941) and Dicke & Marshall (1943) . Wilkins studied the inelastic scattering of 6 MeV protons incident on a foil of magnesium, measuring the distribution in intensity of the inelastically scattered protons in the interval from 60 to 150° and showing th at there is a maximum in the neighbourhood of 90°. I t seems clear th at in experiments of this kind we are approaching phenomena of considerable complexity and th at it is important to make a detailed examination of the variation in intensity of the different groups of inelastically scattered protons over the whole angular range, using primary protons of a number of different energies. The experiments with 6 MeV protons show th at it is a considerable advantage to work at higher energies than were available in our experiments. At 4 MeV the ratio of inelastic to elastically scattered particles is inconveniently small with elements of higher atomic number than 10. Our experi ence suggests th a t it would be possible to use the present methods with primary proton energies up to 15 MeV and this should make it possible to make a detailed examination of the excited states of even heavy stable nuclei. o f 4-2 M eVprotons by deuterium and helium 193
E x p e r i m e n t s w i t h a r g o n
An exposure was taken with the camera filled with cylinder argon a t a pressure of 5 cm. of Hg. The range distribution of the tracks in this plate shows a sharp peak corresponding to the elastically scattered protons, and the variation of its intensity with angle follows the Rutherford law closely for angles of scattering between 20 and 70° ; see I, p. 16. In addition there is a small number of tracks of shorter range, of which the number at any one angle is too small for a reliable analysis. In figure 13 the distribution in range of all tracks of length less than 15 cm. standard air is shown irrespective of the angle of emission. They form two distinct groups at 1*5 and 5-5 divisions respectively, corresponding to ranges in air of 3*0 and 8-6 cm. respectively when allowance is made for the stopping power of the gas in the chamber, etc.
The range of both these groups is greater than th at to be expected for a-particles from the reaction A40 + H 1 -» Cl37 4-He4 for which the release of energy calculated from the masses (Livingston & Bethe 1937 ) is 1*28 MeV. We therefore suggest th at they are due to the inelastic scattering The exposures for these experiments were made by filling the camera with the vapours of CHC13 and CH3Br. Because of the high nuclear charge of the chlorine and bromine atoms relative to those of the other elements in these compounds, most of the scattered protons arise from collisions with the former. The results are thus very little affected by the presence of carbon and hydrogen nuclei in the scattering vapour. In plate P 16, obtained with chloroform as the scattering vapour, there are indica tions of the presence of short-range groups but their intensity is even lower relative to the elastically scattered protons than in the experiments with argon, and we have not measured a sufficient number of tracks to give a reliable range distribution.
In the experiments with bromoform it was found that near 6 = 90° the energy of the main proton group did not vary with angle in the way to be expected if it is due to the elastic scattering of the primary particles by bromine nuclei. Thus the energy at the larger angles of scattering was lower than that expected by about 300 keV. This was found to be due to the presence in the main group of an appreciable fraction of protons elastically scattered from carbon. Because of the slow variation of the intensity of these protons with angle, due to the $-wave scattering, their number relative to those scattered from bromine becomes appreciable beyond 70° and, although they are not resolved from the latter, they produce a displacement of the mean energy of the group.
The experiments described in this paper were undertaken as part of an extended programme in collaboration with Sir James Chadwick and his colleagues in Liver pool, but, as a result of the war, we alone were able to proceed with the measurements. We are indebted to them for their agreement that we should publish the results here presented.
The measurements were made in the H. H. Wills Physical Laboratory, University of Bristol and one of us (A.N.M.), is indebted to Professor A. M. Tyndall for hospi tality in the laboratory during the years 1940 to 1942.
